A novel and integrated biofilm processthe sulfate reduction (SR) and mixotrophic (MR) sulfideutilization denitrification process (SMSD)was recently proposed for sulfate treatment and sulfur recovery. The process consisted of two bioreactors: a 5.1 L anaerobic upflow reactor for SR, and a 3.5 L anaerobic upflow reactor for MR desulfurization-denitrification. The experiment was conducted for 370 days to evaluate the performance of SMSD at various sulfate concentrations and hydraulic retention times. The process successfully achieved sulfate, organics and nitrogen compound removal efficiencies of 94.1, 97.7 and 99.1%, respectively. Sulfate was predominantly converted to element sulfur, while nitrate and nitrite were finally converted to nitrogen gas. In SR, with the help of high pH and sponge cubes with various bacteria, 97.5% of sulfide conversion efficiency and 540 mgS/L of sulfide were obtained. In MR, sulfide was removed up to 100% and was partially oxidized to sulfur.
INTRODUCTION
Some industries, such as the textile industry, release much sulfate-rich wastewater (Randall et al. ) . Some industries, such as metal finishing, contain much nitrate and nitrite (Liao et al. ) . And some wastewaters, such as tannery and monosodium glutamate wastewaters, contain much sulfate (1,000-720,000 mgS/L), ammonium (200-15,000 mgN/L) and chemical oxygen demand (COD) (1,500-60,000 mg/L) (Tang et al. ; Mannucci et al. ) . After the aeration treatment of these wastewaters, the effluent contains much sulfate, nitrate and nitrite. Anaerobic reduction of sulfate to sulfide is a traditional microbial process for the sulfate removal (Camiloti et al. ) . However, the sulfide can cause secondary pollution, such as corrosiveness, toxicity and noxious odor (Zhang et al. ) . And nitrogenous compounds contribute mainly to the eutrophication of water bodies, besides the risks associated with toxicity and bad odors (Zhang et al. ) . Thus, the contamination by sulfate, sulfide, nitrate and nitrite in wastewaters and water bodies is a critical problem. To remove these contaminants, biological treatments are preferred technologies compared to physicalchemical methods, which are expensive and may generate toxic residuals (Hossain et al. ) .
The sulfide, which is the product of sulfate reduction (SR), can be further oxidized under chemoautotrophic denitrifying conditions, using nitrate as electron acceptors (Yavuz et al. ) . However, after the SR process, much organic carbon might remain in the wastewater, which is not desired for the autotrophic denitrification. In view of this phenomenon, the mixotrophic (MR) desulfurizationdenitrification process is introduced to sulfide treatment. In such a process, the sulfide-utilization autotrophic denitrification and heterotrophic denitrification can be fused together (Park et al. ) . As both sulfide and organic carbon can be used as electron donors, there is competition between sulfide-utilization autotrophic and heterotrophic denitrification for nitrogen compounds. Kimberley et al. () reported that nitrate removal rate under autotrophic conditions was 24.4 mM/h, while under heterotrophic conditions, it was 183.2 mM/h. In this process, the effluents containing nitrogenous contaminants from the nitrification process are reused as electron acceptors. Besides nitrate, nitrite is also present in these wastewaters. Recently, nitrite has been reported to be used as an alternative to nitrate in the autotrophic denitrification process (Mahmood et al. ; Sun & Nemati ) . Chen et al. () reported that to achieve high removal of sulfide and nitrogen by mixed culture (Pseudomonas fluorescens and Pseudomonas aeruginosa), the optimal ratio of NO À 3 -N to NO À 2 -N was 5/5. However, until now, few works have been reported to remove sulfate and organic carbon together with nitrate and nitrite by an integrated biological process.
The objective of this work was to evaluate the simultaneous biological removal of sulfur (sulfate, sulfide), nitrogen (nitrate, nitrite) and organic carbon under welldefined anaerobic SR/MR denitrifying conditions. This process combined two anaerobic bioreactors, SR and MR. In SR, the sulfate was predominantly reduced to sulfide. The hydrogen sulfide (H 2 S) was prevented from leaking into the atmosphere and was collected to serve as the inflow to MR. In MR, the sulfide was predominantly partially oxidized to sulfur which could be collected for reuse (Janssen et al. ) . The organics were further removed by heterotrophic denitrification. Meanwhile, the nitrate and nitrite could be reduced to nitrogen gas instead of nitrous oxide which could cause atmospheric pollution (Rena et al. ) .
METHODS AND MATERIALS

Bioreactors and inoculation
The 5.1 L SR and 3.5 L MR were both anaerobic bioreactors with column shape, which are illustrated in Figure 1 . The temperatures in SR and MR were 35 ± 0.2 W C and 30 ± 0.2 W C, respectively. The sludge which was inoculated in SR was 1.4 L from a continuous stirred tank reactor treating sulfate-rich wastewater, giving the biomass concentration of 15.3 grams of mixed liquor volatile suspended solids (MLVSS) per litre. The MR was inoculated with 1.5 L of the sludge collected from a secondary sediment tank used to treat municipal wastewater, giving the biomass concentration of 15.2 gMLVSS/L. To increase the biomass inside the two bioreactors, sponge cubes (8 × 8 × 8 mm) were applied as attached-growth media. Before MR was linked to SR, it was operated solely and fed with artificial wastewater containing sulfide, organic carbon, nitrate and nitrite to acclimate the micro-organisms to the MR environment of desulfurization-denitrification.
Substrates and experiment operation
Solution (1) was artificial wastewater, which was used as a feed to SR. At the initial stage, SR was operated separately without being connected to MR. In SR, the influent total organic carbon (TOC) was 1,200 mgC/L, while the influent sulfate was increased from 300, 400, 500, and 600 to 700 mgS/L. The effluent of SR was called solution (2), which was mixed with solution (3) and pumped to MR. Solution (3) containing potassium nitrate and sodium nitrite was fed into MR as electron acceptors. Solution (2) was fed to MR from the 231st day. It was observed that before solution (2) was pumped to MR, about 10% sulfide was abiotically oxidized to sulfur. Its concentrations of sulfide, sulfate and TOC were 486 mgS/L, 42 mgS/L and 180 mgC/L, respectively. The amount of nitrate and nitrite in solution (2) was 800 mgNO À 3 -N=L and 800 mgNO À 2 -N=L, respectively. The volumetric ratio of solution (2) to solution (3) was 4:1. Further descriptions of solution (1), solution (3) and solution (2) are shown in Table 1 . The average concentration of sulfide, sulfate, TOC, nitrate and nitrite fed into MR was 387 mgS/L, 34 mgS/L, 146 mgC/L, 163 mgNO À 3 -N=L and 163 mgNO À 2 -N=L, respectively.
Analytical methods
To measure sulfate, thiosulfate, nitrate and nitrite, liquid samples were filtered with a 0.45 μm filter and injected into an ion chromatograph (Dionex ICS 3000, USA) equipped with an inhibitory-type conductivity detector and an Ionpac column (AG4A AS4A-SC, 4 mm). The carrier liquid flow rate was 1.0 mL/min. The sulfide amount was measured by methylene blue spectrophotometric method (UV-2550, Japan). Nitrogen gas and methane were analyzed by gas chromatography (Agilent 4890D, USA) equipped with a thermal conductivity detector and a molecular screen column (5 Å). The temperatures of the column, injector and detector were 60 W C, 100 W C and 100 W C, respectively. Measurements for the concentrations of TOC and inorganic carbon were taken by the TOC analyzing instruments (TOC-V CPH , Japan). The images of micro-organisms were taken by a scanning electron microscope (SEM, Hitachi S-4700, Japan). The value of pH was measured by a pH meter (model pHs-3c, China). All the items mentioned above were analyzed according to APHA (). Sulfur was analyzed with a method described by Wang () . The liquid sample for analysis was taken from each bioreactor every day. Moreover, each of the samples was analyzed three times. The bacteria species in SR were analyzed by 16S rDNA gene clone method.
RESULTS AND DISCUSSION
Sulfide conversion in SR
In SR, the sulfate was reduced to sulfide. The sulfide conversion efficiency was defined as Equation (1) and is reported in Figure 2 .
Sulfide conversion efficiency ¼ sulfide remaining in wastewater × 100%=(influent sulfate À effluent sulfate) (1) When the sulfate was decreased from 700 to 600 mgS/L, its removal efficiency reached 93% and sulfide conversion efficiency was above 100%. This performance accounted for the initial accumulation of sulfide (influent sulfate of 700 mgS/L) in SR. And later during the steady stage (231st-370th day) with influent sulfate decreasing to 600 mgS/L, sulfide conversion efficiency recovered to 97.5% and sulfide concentration reached 540 mgS/L. This sulfide conversion efficiency was higher than the normal level and sulfide concentration was higher than the value reported by some of the other traditional SR researches (Alvarez et al. ) . The pH influenced the existing form of sulfide in wastewater (Cai et al. ) : pH < 7, sulfide existed as H 2 S; pH ¼ 7, 50% of sulfide existed as S 2À ; pH ¼ 8, sulfide existed as S 2À . As SR here was the pretreatment of MR desulfurization-denitrification, the sulfide was required to remain in SR as much as possible, which was different from the traditional process. Therefore, the pH in SR was kept at around 7.8 by adjusting influent pH to avoid S 2À emission as H 2 S from wastewater. Omil et al. () reported that the degradation activity of the sulfate reduction bacteria (SRB) influenced removal efficiency of sulfate. SRB existed in the pH range of 6-8 and competed with the methane-producing bacteria (MPB) for organics. Both SRB and MPB consumed H þ ; however, pH had more effect on MPB. PH in SR was beneficial for SRB growth. And C/S in SR was about 2:1, which was also beneficial for SRB's competition with MPB. Therefore, the high activity of SRB and high pH led to a high conversion of sulfide.
The high removal of sulfate was also attributed to the concomitancy of different bacteria enduring different environmental conditions. The porous sponge cubes used as media in SR facilitated microbial attachment (George et al. ) . There were micro-organisms composed of bacilli-like, vibrio-like and cocci-like bacteria (by SEM analysis), and the predominant one was Bacilli-like bacteria. According to the 16S rDNA analysis, the SRB included Desulfobacterium, Desulfuromonas and Desulfomonile. Desulfobacterium was predominant, which was corresponding to the results of SEM. Acid-producing bacteria (AB), such as Bacteroidetes, were also found in the biofilm. ABs degraded organics to release H þ , which was consumed by SRBs and MPBs. The mutualism of these bacteria accelerated the high removal of sulfate (Zhao et al. ) .
As there may be some poisonous substances and refractory organics in the real wastewater to affect the activities of micro-organisms, the removal efficiencies of contaminants in synthetic wastewater were assumed to be higher than in real wastewater.
Sulfide conversion in MR
The degradation of sulfide and sulfate in MR is illustrated in Figure 3 . The mass balance calculation of the process is shown in Table 2 . At Stage III, 14% of sulfate was reduced to sulfide in MR. Owing to the anaerobic environment (oxidation-reduction potential ¼ À426 mV) and lack of cations to precipitate with the sulfate, the sulfate was assumed to be removed by SRB. And it was reported that SRB could coexist with sulfide-utilization denitrifiers (Chuan et al. ) .
In view of Table 2 and Figure 3 , at Stages I-III, the contaminant removal was uniform. At Stage III, compared to 30 mgS/h of sulfate and 2 mgS/L thiosulfate, 422 mgS/L of sulfide demonstrated that partial oxidation of sulfide to sulfur predominated in MR. It was a desirable result for this process. The experiment result of pH ¼ 8.1 in MR was also in good agreement with the theoretical sulfur production according to Equations (2) and (3), as H þ was consumed during sulfur formation. Some sulfur particles were also discovered on sponge carriers, by SEM. This phenomenon demonstrated the fate of sulfur element lost in the mass calculation as 499 mgS/h in influent and 454 mgS/h in effluent. Theoretically, 415 mgS/h of sulfide should be partially oxidized to sulfur by 73-121 mgN/h of nitrogen compounds (Equations (4) and (5)). However, 337 mgN/h of nitrogen compounds was lost in total, which was higher than 73-121 mgN/h for autotrophic sulfide-utilization denitrification. Therefore, nitrate and nitrite were assumed to be consumed by heterotrophic denitrification. Nitrogen compounds acted as the sole electron acceptors in MR desulfurization-denitrification, the lack of which would lead to electron donors (sulfide and organics) remaining in the effluent.
415 mg=h × 2 × 14 g=mol=(5 × 32 g=mol)
415 mg=L × 2 × 14 g=mol=(3 × 32 g=mol)
TOC elimination in MR TOC removal efficiency decreased sharply at the beginning of every stage. This fluctuation weakened gradually with decreasing HRT. It was assumed that the micro-organisms were affected by influent shock load at the initial stage. After the micro-organisms became adapted to the , this process has developed into mixing autotrophic denitrification and heterotrophic denitrification together in order to remove residual organics from the SR part. Moreover, it obtained higher removal efficiencies of contaminants and higher conversion efficiency of sulfur.
Competition of sulfide-utilization autotrophic denitrification and heterotrophic denitrification
As sulfide-utilization autotrophic denitrification did not use organics as electron donors, the level of heterotrophic denitrification could be indicated by TOC removal. At Stage III, 130 mgC/h of TOC in MR was removed and the corresponding amount of nitrogen was 121-202 mgN/L (Equations (6) and (7)) according to Equations (8) 
CONCLUSIONS
The main conclusions could be drawn as follows:
(a) The anaerobic integrated system was successfully developed to demonstrate the simultaneous removal of sulfate, organics and nitrogen compounds, with removal efficiencies of 94.1, 97.7 and 99.1%, respectively. Sulfate was predominantly partially oxidized to sulfur. (b) The sulfide conversion efficiency in SR was 97.5% and sulfide concentration was 540 mgS/L, which was greater than the normal level. The high pH value of 7.8 and sponge cubes with various bacteria were beneficial for higher sulfide conversion. (c) The partial oxidation of sulfide to sulfur predominated in MR, which was beneficial for exhaustive discharging of sulfur compounds. The nitrite and nitrate were consumed by both autotrophic sulfide-utilization denitrification and heterotrophic denitrification. The extent of heterotrophic denitrification, which ranged from 35.8 to 59.8% in MR, relied on the categories of electron acceptors.
